The competitive simultaneous removal of petrochemical hydrocarbons including benzene, toluene, ethylbenzene and isomers of xylene (BTEX) from an aqueous solution by polystyrenic resin (PAD 910) was investigated at dynamic conditions in a packed bed column. The column was operated under conditions of bed length (Z ¼ 30-90 cm), flow rate (Q ¼ 18.5-53.5 cm/min), bed diameter (D ¼ 2.5-5 cm) and initial concentration of (C 0 ¼ 5-14.5 mg/l) to investigate the adsorption characteristics of BTEX at an influent pH of 6.85. There was evidence of improved column performance with increasing operating height and decreased flow rate. Breakthrough curves of fixed-bed adsorption process were developed by the constant-pattern approach using a constant driving force model in the liquid phase.
INTRODUCTION
Industrial wastewater containing organic compounds and/ or substances is an escalating problem due to its increasing toxic threat to humans and the environment (Gavrilescu et al. ) . These organic compounds present in industrial waste may lead to groundwater contamination (Simantiraki & Gidarakos ) . Disposal of these organic pollutants at high concentrations has hazardous effects on surface water and groundwater quality (Costa et al. ) . . Adsorption is one of the best treatment alternatives for the removal of these pollutants from wastewater because it is possible to recover both the adsorbent and adsorbate (Pan et al. ) . Furthermore, the adsorption process of these pollutants has proven to be highly efficient, even for low concentrations (Can et al.
).
Various studies have reported on technologies that can achieve the highest removal of organic pollutants from industrial wastewater (Tomaszewska & Mozia ; Fu & Wang ) . It is acknowledged that many adsorption processes used to remove organic pollutants showed high efficiency at high concentrations (Can et al. ) . The present study is focussed on the further treatment of treated wastewater from a local petrochemical company which is currently being pumped to sea. The analysis of this effluent was done over a period of six months and results are shown in Table 1 .
Hence the study focuses on low concentrations which are less than 20 mg/l, with an intention to remove more organic compounds so as to recover this wastewater for reuse as process water. One of the areas where South Africa can potentially save water is through the application of improved water treatment and recycling methods. The South African Department of Water and Environmental Affairs has developed environmental policies which are becoming stricter with regards to wastewater discharge. Hence South African industries are continually searching to set-up processes to achieve lower concentrations of pollutants in wastewater.
Normal process engineering practice considers adsorption isotherms which can be used for preliminary screening of adsorbents before running a continuous column. Batch experiments were performed in a previous study and the results of the measure of effectiveness of the adsorbent (PAD 910 polystyrenic resin) are provided in the literature (Makhathini & Rathilal ) . From this previous publication, using the Langmuir and linearized Dubinin-Radushkevich models at pH of 6.85 it was demonstrated that the data fitted the Langmuir model adequately with a highest adsorption capacity of 79.44 mg/g. Furthermore, the resin was found to adsorb 98% of benzene, 88% of toluene, 59% of ethylbenzene, 84% m-, p-xylene and 90% o-xylene at an initial concentration of 14.47 mg/l (Makhathini & Rathilal ).
These findings using batch experiments provide information about the effectiveness of the BTEX-adsorbent system. However, as stated in Laleh et al. () , the data determined under batch conditions are generally not applicable to most treatment processes operated under continuous conditions. This could be due to contact time not being long enough to reach equilibrium. Hence, this study focuses on the continuous fixed-bed adsorption column.
A continuous packed-bed does not operate on equilibrium conditions and the hydrodynamic conditions at the cross section of the column affect the flow behaviour downstream (Srivastava et al. ) . Hence, the breakthrough characteristics of the adsorbent bed play a dominant role in the evaluation of the effectiveness of an adsorbent during continuous column operation (Vinod & Anirudhan ) . Even though numerous studies have reported on column behaviour concerning the removal of several adsorbates from aqueous solution, only a few have reported on the dynamics of BTEX adsorption in a packed bed column using polystyrenic resin. Furthermore, there is an existing concern of effective regeneration procedures in terms of process economics, including optimization of regeneration efficiency (Zhang et al. ) . Hence cost-effective regeneration of spent adsorbent is crucial in this adsorption study.
In order to properly design and operate fixed-bed adsorption processes, the adsorption isotherms and the fixed-bed dynamics in the form of pollutant breakthrough curves must be known (Chern & Chien ) . To predict the breakthrough curve of a fixed bed with a mass transfer model, many parameters that are determined by independent batch kinetic study are needed (Wolborska ) . Hence Wolborska & Pustelnik () developed a simplified method using one parameter to predict the breakthrough times of fixed bed processes. Although this method caters for low concentrations, it is important that a model is refined enough to 
MATERIALS AND METHODS

Adsorbate
The adsorbate sample (BTEX) was synthetically prepared using analytical reagent grade chemicals supplied by 
Adsorbent
The PAD 910 polystyrenic resin adsorbent was purchased from Purolite Co. Ltd in China. A procedure form Battelle () was replicated to determine the pH of the resin, where 2.5 g was mixed with 10 ml of distilled water and shaken at 25 C for 6 h. Then the mixture was filtered and the pH was found to be 6.85. The resin was kept in a cool dry place until experiments were carried out. The characteristics of the resin are given in Table 2 .
GC-MS analysis
The GC-MS was equipped with a capillary column (Elite 5MS, 30 m × 0.30 μm internal diameter, 0.25 μm thickness film) and a spectrometric detector (mass). A split/split-less type injector was used and its temperature was set at 180 C. The temperature of the column was kept at 50 C for 1 minute, increased to 180 C at a rate of 6 C/min and held at this temperature for 10 minutes, then ramped to 200 C at 10 C/min and kept there for 2 minutes. The temperature of the transfer line was 180 C. Helium gas was used as a carrier gas at a flow rate of 1.0 ml/min. The increase of the sensitivity and selectivity of the GC-MS was done by the selective ion monitoring (SIM) mode which was employed after the full scan mode was used for selecting ions. The volume for injection was 0.6 μL. This method was developed on a trial and error basis which is based on the analyte's boiling point. The compounds p-xylene and m-xylene could not be differentiated by this method; hence they were considered as a single pseudo-compound.
Tuning and calibration of the GC-MS was done using heptacosa, where m/z for heptacosa was found as 69, 219, 502, and 614 mol/kg. The calibration was declared successful every time since all of the molar masses were confirmed.
In addition, the verification of the calibration was done by using individual pure standards of benzene, ethylbenzene, toluene and isomers of xylene; the results were confirmed by comparison with the NIST Library.
Column studies
An adsorbent's effectiveness depends on the good flow of influent through the adsorption bed when running simple isotherms. Each Perspex column used in this phase of the work was of length 30, 60, 90 cm and internal diameter ). This study focused on the models described below that can be used for the prediction of the breakthrough time.
Mass transfer model
An aqueous solution was fed at the top of the column packed with resin particles, for which the equation for predicting the column dynamics is (Chern & Chien ):
where ε is the bed void fraction, t is the contact time, u 0 is the interstitial flow rate, Z is the distance from the inlet of the bed, ρ is the bed density, C and q are the adsorbate concentration in the liquid and solid phases, respectively.
Equation (1) is the unsteady-state mass balance for the adsorbate.
The adsorption rate can be described by the linear driving force model in terms of the overall liquid-phase mass
where K L is the overall liquid-phase mass-transfer coefficient, a is the contact area per unit volume of the bed, K L a can be described as the volumetric coefficient in the liquid-phase, and C* is the liquid-phase concentration in equilibrium. According to the constant wave theory of
Chern & Chien (), the waves move at a constant velocity u c . Then the liquid-phase concentration can be expressed as a unique function of the adjusted time τ, defined as:
Substituting Equation (3) into Equation (1), leads to:
Integrating Equation (4), gives:
Since the boundary condition q ¼ q F at C ¼ C F is satisfied all the time, then you may substitute and have this valid equation:
Then, the adsorption rate becomes a basis for deriving the breakthrough curves of fixed-bed adsorption. Combining
Equations (2) and (6):
This can be rearranged and integrated with the follow-
where τ 1=2 is the adjusted time when the effluent adsorbate con-
from Equation (3), and the breakthrough curves at z ¼ L can be calculated by the following equation:
Bed depth service time model
According to Bohart & Adams () , this model is based on the assumption that the rate of adsorption is controlled by the surface reaction between the adsorbate and the residual capacity of the adsorbent. Equation (10) uses the initial part of the breakthrough curve, linking C/C 0 to time t, for a continuous flow for the column:
where C 0 is the initial concentration of the adsorbate (mg/dm 3 ), C is the desired concentration of the adsorbate at time t (mg/dm 3 ), k is the adsorption rate constant of the column [dm 3 /(min·mg)], Z is the length of the bed (cm), N 0 is the adsorptive capacity of the adsorbent bed (mg/dm 3 ) and U is the linear flow velocity of the fresh feed to the bed (cm/min).
Hutchins () linearized Equation (1) to give 
Adapted BDST model
According to Pember et al. () , a modified BDST model can be further developed assuming the bed capacity did not change with the column height. In addition, the model assumes that the equilibrium isotherm is irreversible and that any mass transfer resistance is negligible. When substituting N 0 for N t in Equation (11), then using Equation (12), a changing bed capacity can be defined (Ko et al. ) , assuming a square root time dependence on the bed depth.
The new variable, a, is a rate parameter which is dependent on mass transfer resistance. Modifying Equation (11), by substituting Equation (12) on it, results in Equation (13), which is a modified BDST model:
RESULTS AND DISCUSSION
The goal of this research is to study hydraulic parameters, such as preferential flow, which were not part of the batch mode experiments presented in previous work by The findings indicate that their removal is less efficient with polystyrenic resin and the material is exhausted much faster. According to Monazam et al. () , the column's efficiency to reach saturation can be adjusted by the steepness of the breakthrough curve. Therefore, the breakthrough curves in Figure 1 indicate that the polystyrenic resin is a fairly good adsorbent for BTEX as shown by the ratio C/C 0 , and the column needs some time to be exhausted.
Breakthrough dynamics
Combination of Equation (9) with the Langmuir model capacity equation yields:
where x is the normalized effluent concentration (x ¼ C/C 0 ).
Equation (14) is justified by the linear plot as shown in As seen in Figure 7 , the constant-pattern wave approach with constant liquid-phase driving force fits the experimental breakthrough curves well, except for xylene which has the highest boiling point compared with toluene, ethylbenzene and benzene. Here, the solid-phase masstransfer may dominate the overall adsorption rate. It has been demonstrated that for rate control in the mobile phase, the wave front has a sharp tail; for rate control in the stationary phase, the wave tail has a sharp front (Helfferich & Carr ) . Therefore, the results suggest that there is a dominance of solid-phase mass-transfer resistance over the adsorption rate, since the solid-phase becomes saturated, thus resulting in higher mass transfer resistance (Chern & Chien ) . The distribution of solute adsorbed in the polystyrenic resin may be determined by the intraparticle diffusion rate of the solute into the matrix, which depends on the concentration gradient of the solute and the resin porosity (Pan et al. ) . In this case, there is evidence of an increase in C 0 , which may be linked to the higher initial flux resulting in the solute penetrating into the interior matrix of the resin (Li et al. ) . Also the adsorption sites within the micropore of the resin could be adequately occupied, which led to higher adsorption capacity at larger C 0 values.
In Figure 7 , it is demonstrated that as the input concentration increased, the zone velocity increased. It is also seen that the shape of the breakthrough curve is somewhat steeper at a higher input concentration of 14.5 mg/l than at a lower input concentration of 5 mg/l.
This may result from larger intraparticle diffusivity because the adsorption zone is reduced by higher diffusion flux (Lee et al. ).
Effect of bed height and temperature
The value of t 1/2 is relatively proportional to the bed height 
where:
Determining k L from Equation (15) and calculating the mass transfer area per unit bed volume by a ¼ 6 1 À ε ð Þ=d p , the volumetric mass-transfer coefficients based on the liquid film were found to be slightly higher than the experimental breakthrough curves. It was found that the correlation produced an estimate of k L a ¼ 198 h À1 for run 3 in the column, while the experimental data yielded k L a ¼ 96 h À1 .
These results suggest that the solid-phase mass-transfer Figure 8 | Effect of bed height on breakthrough curves of benzene, toluene, ethylbenzene and isomers of xylene (BTEX) adsorption onto polystyrenic resin initial pH ¼ 6.85, C 0 ¼ 14.5 mg/l,
Figure 9 | Effect of temperature on breakthrough curves of benzene, toluene, ethylbenzene and isomers of xylene (BTEX) adsorption onto polystyrenic resin initial pH ¼ 6.85 and
resistance does exist and may have an impact on the breakthrough curve.
The present study proposes the following correlation to relate the overall volumetric liquid-phase mass-transfer coefficient as a function of wastewater:
In a case where this correlation is adequate, a K L a versus Q 1=2 plot should follow a straight line. In Figure 10 , the trend demonstrated a linear plot with a good fit of R 2 ¼ 0:9949. Equation (16) It is noted that the maximum adsorption capacity of BTEX on the polystyrenic resin decreased in the order the column experiments were run. The results suggested that desorption procedure may not have been sufficient to completely restore the adsorption sites. Figure 13 shows desorption curves for each column as BTEX was Furthermore, the reusability of polystyrenic resin was studied by measuring the adsorption capacities of BTEX compounds and their desorption properties. As demonstrated in Figure 14 , it is difficult to desorb BTEX due to the affinity between BTEX molecules and the hydrophobic cavities of the adsorbent (Yang et al. ) . This study used isopropyl alcohol and methanol as desorption agents for BTEX because they are good solvents for BTEX. Figure 14 demonstrates that the adsorption capacity of BTEX was changed by small amounts for four complete cycles after reuse. These results demonstrate that the polystyrenic resin can be efficiently recycled and reused. As seen in Figure 14 , the adsorption capacity of the regenerated adsorbent was 24.2% for benzene, 21.6% for toluene, 19.5% than the pK a value of the adsorbates, then there will be less adsorption due to dissociation of the adsorbate molecules. Therefore, the engineering applications would also have to be carried out under different conditions and the pH of the influent will also be adjusted. Moreover, the polystyrenic requirements should be seen as a function of the desired influent and effluent concentration. Therefore, pilot scale experiments using the same operating conditions need to be carried out with the same wastewater stream prior to design scale up. It is recommended that more work needs to be done on how to improve the adsorption capability of polystyrenic resin by subjecting it to physical and chemical treatment in order to increase its specific surface area and to promote the development of micropores within the resin, as these treatments have been demonstrated to enhance adsorption capacity. Hence, further work on desorption studies is required for the analysis of desorption mechanisms and the determination of diffusivity in terms of the water-alcohol mixing ratio. Adsorption of BTEX compounds onto polystyrenic resin is promising because of its easy regeneration.
